We demonstrate films of single-walled carbon nanotubes (SWNTs) on the elastomer polydimethylsiloxane (PDMS) that are stretchable, conductive, and transparent. Our fabrication method uses the supramolecular functionalization of SWNTs with conjugated polyelectrolytes to generate aqueous dispersions of positivelyand negatively-charged SWNTs, followed by layer-by-layer self-assembly onto a PDMS substrate. Adding bilayers of positively-and negatively-charged SWNTs to the surface causes the sheet resistance and the % transmittance of the film to both progressively decrease. The sheet resistance decreases sharply in the first five bilayers as the layer-by-layer process efficiently establishes the percolation network, whereas the % transmittance declines more gradually. Films with 25 bilayers are transparent (75% at 550 nm) and conductive (560 AE 90 U ,
Introduction
The transparent conductor indium tin oxide (ITO) is an essential component of a wide range of today's electronic devices, such as liquid-crystal displays, touch panels, and solar cells. [1] [2] [3] [4] These devices are fabricated on rigid glass substrates; however, the ability to create transparent conductors that are so and stretchable opens the way to exciting new applications that are lightweight, portable, conformable, and even wearable. ITO is a brittle ceramic that requires high-temperature annealing to achieve low sheet resistance, which makes it incompatible with elastomeric substrates and stretchable devices. 5 A major research focus, therefore, is the development of new transparent conductors that can be deposited on elastomers and support stretchable electronics. 6, 7 New stretchable transparent conductors such as thin metal lms, [8] [9] [10] conducting polymers, 11,12 silver nanowires (AgNWs), [13] [14] [15] [16] graphene, 17, 18 and carbon nanotubes [19] [20] [21] [22] [23] [24] [25] [26] [27] have led to compelling technology demonstrations ranging from intrinsically stretchable light-emitting devices 8, 13, 21, 28 and solar cells, 29, 30 to rather sophisticated conformable dynamic camouage skins 31, 32 and transparent strain sensors. 26, 27, 33 As research on stretchable transparent conductors progresses, there is an increasing focus on practical concerns such as scalability, precise control over lm properties, sustainability, and cost. Here, we demonstrate a fabrication method that addresses these concerns to produce lms of single-walled carbon nanotubes (SWNTs) on the elastomer polydimethylsiloxane (PDMS) that are stretchable, conductive, and transparent. We supramolecularly modify SWNTs with conjugated polyelectrolytes (CPEs) to disperse them in water, thus avoiding the need for organic solvents, and then use these solutions in a layer-by-layer (LbL) deposition process onto the PDMS surface. LbL deposition provides ne control over the optical and electrical properties of the lm because it builds the lms one SWNT layer at a time; at the same time, this method is both scalable and low cost.
The intrinsic electronic and mechanical properties of SWNTs are ideal for stretchable and transparent conductors; however, the key to integrating these materials into stretchable electronics lies in designing a lm formation process that both retains and capitalizes on these properties. The high intrinsic conductivity (10 4 to 10 6 S cm À1 ), high current-carrying capacity (up to $10 9 A cm À2 ), and high thermal stability (up to 3500 W m À1 K À1 ) of SWNTs are well suited to electronic applications. 6, 19, 34, 35 SWNTs also possess high stiffness and strength (Young's modulus $1-2 TPa; tensile strength 50 GPa); 19 thus, individual SWNTs are not intrinsically stretchable. Integrating these materials into stretchable electronics may seem counterintuitive; however, networks of SWNTs can remain conductive with stretching because individual SWNTs slide against each other under strain. 7, 19 Designing a process to form transparent, conductive, and stretchable SWNT lms that take advantage of these electrical and mechanical properties begins with choosing a method to effectively disperse SWNTs in solution, which is necessary to produce a uniformly distributed SWNT network with low sheet resistance. SWNTs, however, have a strong tendency to aggregate in solution through intermolecular p-p interactions, leading to inhomogeneous SWNT lms. Researchers have used ultrasonication to exfoliate SWNTs in the presence of stabilizing surfactants, 7, 36 and deposited the resulting dispersions on PDMS by spray-coating or Meyer rod coating to produce stretchable, transparent, and conductive lms. These lms have been implemented in pressure and strain sensors, and used as electrodes in stretchable lightemitting devices. 21, 27, 37 Although ultrasonication effectively disperses SWNTs, the downside is that it can disrupt p-conjugation of the SWNTs by introducing defects and dangling bonds to the sidewalls, thus diminishing the intrinsic conductivity.
38
Another approach avoids the dispersion problem altogether by directly drawing out solid nanotube lms from aligned SWNT or multi-walled carbon nanotubes (MWNT) forests to generate stretchable, transparent, and conductive freestanding nanotube lms, which may be transferred to a PDMS substrate.
39 These stretchable conductors have been employed as stretchable loudspeakers, wearable strain sensors, and touch panels.
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Using SWNT lms as transparent electrodes in thin-lm devices such as light emitting electrochemical cells (LEECs) or organic light emitting diodes (OLEDs) presents another challenge: for these applications, the roughness of the transparent electrode surface must be <100 nm to prevent penetration of protruding SWNTs through overlying thin lms, which can cause device shorting. [40] [41] [42] Embedding SWNT lms in a polymer matrix can reduce the surface roughness from >60 nm for drop-cast lms to <10 nm, providing smooth, transparent, and conductive SWNT lms that have been used as electrodes in stretchable light-emitting electrochemical cells (LEECs).
21
The excellent electrical and mechanical qualities of SWNTs are accompanied by disadvantageous optical properties: SWNTs are strong absorbers of visible light; in fact, the absorbance of vertically aligned SWNT forests (0.98-0.99) throughout the visible spectrum approaches that of an ideal black body.
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Materials and methods to fabricate transparent conductors always face a trade-off between conductivity and transparency. Typically, increasing the thickness of a lm increases the conductivity, yet decreases the transparency. The unfavorable optical properties of SWNTs suggest that nanoscale control of the lm structure and thickness is crucial to produce a strong network for high conductivity while simultaneously maximizing the lm transparency. One approach to achieve such control is LbL self-assembly, in which the deposition of alternating layers of oppositely charged materials onto a substrate builds up thin lms one molecular layer at a time. [44] [45] [46] This method yields conformal, uniform thin lms with ne control over the lm thickness and architecture. Carbon nanotubes have been integrated in LbL fabrication schemes by rst covalently bonding charged functionalities directly to the nanotube sidewall, and then alternating the deposition of the functionalized nanotubes with either polymers or nanotubes functionalized with the opposite charge. [47] [48] [49] [50] This methodology has been used to prepare sensors and thin-lm electrodes on rigid glass substrates. [47] [48] [49] 51 Similar to the exfoliation process by ultrasonication, however, the covalent modication process disrupts the p-conjugation of the nanotubes and diminishes the intrinsic conductivity. 6,7,52 As a result, researchers have turned to supramolecular functionalization of SWNTs as a non-destructive alternative. Supramolecular functionalization uses van der Waals and p-p interactions to noncovalently bind molecules or polymers to SWNT surfaces to solubilize SWNTs while preserving the nanotube structure, and thus the intrinsic electrical properties.
6,7,52,53 Shim et al. paired supramolecular functionalization with LbL self-assembly by wrapping SWNTs with charged aromatic polymers, and then alternating their deposition with polyelectrolytes to demonstrate transparent conductive electrodes on rigid glass substrates and free-standing lms that were mechanically exible. The process was not demonstrated on so elastomeric substrates such as PDMS to enable stretchable transparent conductors.
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Here, we combine supramolecular functionalization and LbL self-assembly to fabricate transparent and conductive SWNT lms that are also highly stretchable. We use water-soluble CPEs to generate aqueous dispersions of positively-and negatively-charged SWNTs, and use these in an LbL process on PDMS. The resulting lms are transparent and stretchable, and remain conductive up to 80% elongation. This study also highlights a unique advantage of LbL self-assembly: the LbL process creates CPE-SWNT lms that exhibit a low root-mean-square roughness (18 nm), making them candidates for transparent electrodes in thin-lm devices. We demonstrate the key features of our CPE-SWNT lms by using them as transparent electrodes in LEECs and as so, wearable strain sensors to detect human motion.
Methods
CoMoCAT SWNTs (CG-200, SouthWest NanoTechnologies, Inc.), poly(dimethylsiloxane) (Sylgard 184, Dow Corning, Midland, MI), and poly(3,4-polyethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) (Clevios-P, Heraeus) were used as received. All other reagents were purchased commercially and used as received. SWNTs modied with poly[2,5-bis(3-sulfonatopropoxy)-1,4-ethynylphenylene-alt-1,4-ethynylphenylene] sodium salt (a-PPESWNTs) 53, 56 and protonated poly[9,9-bis(diethylaminopropyl)-2,7-uorene-co-1,4-phenylene] (PDAFP-SWNTs) 57 were prepared using previously published methods. Nanotube concentrations in the dispersions were estimated by UV-vis spectroscopic methods according to previously published procedures, 53 and were found to be approximately 1.5-2 mg mL
À1
.
Preparation of activated PDMS substrates
PDMS substrates were prepared by casting a 10 : 1 w : w ratio of prepolymer : curing agent against polystyrene Petri dishes and curing at 60 C for 1 h, and then treated with air plasma (Harrick Plasma PDC32-G) at medium discharge setting for 40 seconds at an air pressure of 10 psig (ow rate of 32 mL min À1 ).
The oxidized substrates were then soaked for 10 min in a 1% (v/ v) aqueous solution of 3-aminopropyltriethoxysilane (APTES), rinsed with distilled water, and then immersed in 6 M HCl for 1 min. The samples were then rinsed with distilled water and dried under a stream of nitrogen.
LbL self-assembly of CPE-SWNTs
Aqueous dispersions of a-PPE-SWNTs and PDAFP-SWNTs were sonicated in a Branson sonicator (Model 3510) for 1 min prior to LbL self-assembly. 2 mL of the a-PPE-SWNT dispersion was deposited on the activated PDMS substrate for 1 min, followed by rinsing with distilled water and drying under a stream of nitrogen. The surface was then treated with the aqueous solution of PDAFP-SWNTs using the same process. The process was repeated to form lms with up to 25 bilayers of anionic a-PPE-SWNTs and cationic PDAFP-SWNTs.
LEEC fabrication
Devices were fabricated on both ITO-coated glass substrates (15-25 U , À1 , Delta Technologies) and 25-bilayer CPE-SWNT lms on PDMS (25 bilayers). ITO-coated glass substrates were cleaned by sonication in deionized H 2 O and isopropanol for 15 min each, followed by treatment with UV ozone cleaner (Jelight, Model no. 42A) for 5 min. CPE-SWNT lms on PDMS were oxidized for 30 s in an air plasma (air pressure of 10 psig, ow rate 32 mL min À1 ) at medium discharge setting. 0.7 mL of the PEDOT:PSS dispersion in water was sonicated for 15 min and then diluted by adding 0.3 mL of isopropanol; this solution was then spin-coated on the surface of either the ITO or CPE-SWNT lm at 1000 rpm for 1 min. The PEDOT:PSS layers on ITO lms and CPE-SWNT lms were then annealed on a hot plate at 100 C for 20 min. Aer cooling to room temperature, solution of PDMS pre-polymer at 1000 rpm for 30 s, and then annealed in an oven at 60 C overnight. A eutectic galliumindium (EGaIn) cathode (50 mL) was deposited onto the surface of the Ru/PDMS lm using a micropipette and then sealed in epoxy resin.
Strain sensor fabrication
CPE-SWNT lms on PDMS (25 bilayers) were mounted to the back of an adhesive bandage using PDMS pre-polymer as the adhesive, followed by curing at 60 C for one h. Connectors were fabricated by gluing strips of aluminum foil to the ends of the CPE-SWNT lms using a conductive silicone paste (Effective Shielding, West Chester PA).
Characterization
Scanning electron microscope (SEM) images were obtained using an FEI Magellan Extreme High Resolution Field Emission Scanning Electron Microscope (XHR 400 FE-SEM). The voltage was 1.0 keV and a through the lens detector (TLD) was used. Transmission spectra were collected using a CARY 50 Conc UV-vis spectrophotometer. Electrical characterization was performed using a Keithley 2601A source meter. EGaIn ($0.01 mL) was rst deposited by syringe to the corners (for sheet resistance measurements) or ends (for resistance measurements) of the CPE-SWNT surfaces to facilitate electrical contact. For electrical measurements under strain, samples were clamped in a microvice stretcher (S.T. Japan, USA, Inc.) and the resistance was measured at 5% increments of strain. Data sets consisted of a minimum of three samples, and the average was reported. AFM images were obtained using the dynamic force mode of a Park Systems XE-100 AFM (Surface Science Western, London, ON, Canada). A silicon cantilever with a nominal spring constant of 40 N m À1 , resonant frequency of 300 kHz and tip radius of 10 nm was used. Images were collected from three spots on each sample in an area of 40 mm Â 40 mm, and processed using WSxM 5.0 Develop 8.0 soware. 58 LEEC devices were characterized using a Keithley 2601 source-measure unit to apply a dc voltage and measure the current. Radiance was measured with a calibrated UDT S470 optometer attached to an integrating sphere.
Results and discussion
We used SWNTs functionalized with anionic and cationic CPEs to assemble SWNT-CPE lms onto a charged PDMS surface one layer at a time. We chose anionic a-PPE and cationic PDAFP as the CPEs, which interact with SWNTs via supramolecular p-p interactions to produce anionic and cationic supramolecular polymer-nanotube assemblies that can be easily dispersed in water. We assembled SWNT-CPE lms from these aqueous dispersions onto an activated PDMS substrate according to Scheme 1. Aer oxidizing the PDMS surface with an air plasma to introduce hydroxyl functional groups, treatment with the organosilane 3-aminopropyltriethoxysilane (APTES) produces an amine-terminated surface. Protonating the amino groups with HCl produces a surface comprising positively-charged ammonium groups. This activated surface electrostatically binds the anionic a-PPE-SWNT by simply depositing the a-PPE-SWNT aqueous solution onto the activated PDMS surface for one minute, followed by rinsing with water. The deposition of this rst CPE-SWNT layer creates a negatively charged surface; exposing this surface to the cationic PDAFP-SWNT aqueous dispersion deposits the second CPE-SWNT layer and completes the formation of a CPE-SWNT bilayer. We repeated the alternating deposition of a-PPE-SWNTs and PDAFP-SWNTs to generate a total of 25 bilayers on the PDMS surface.
As CPE-SWNT bilayers are built up on the PDMS surface, the sheet resistance (R s ) and % transmittance both progressively decrease; however, they do not decrease at the same rate. Scanning electron microscopy (SEM) of a single bilayer CPE-SWNT lm (Fig. 1) shows a sparse, porous network of CPE-SWNTs on the PDMS surface. The low density of CPESWNTs in the lm produces a weak percolation network with an R s value of 153 AE 25 kU , À1 and a transmittance (98.3% at 550 nm) that is only slightly decreased from that of native PDMS (100%). The variability in the R s value may be attributed to the random mechanism of formation of the percolation network. Increasing the number of bilayers on the surface increases the number of possible SWNT-SWNT connections, thus providing more parallel pathways for current. The plot in Fig. 2a and data in Table S1 † show that R s decreases substantially by 88% ($135 kU , À1 ) between a single bilayer and ve bilayers, followed by a gradual decline of only 10% over the remaining 20 bilayers. The initial precipitous drop in R s between one and ve bilayers contrasts with a relatively modest drop in transmittance of only $4%. Furthermore, the transmittance decreases by approximately the same amount every ve bilayers (Fig. 2b) . The fact that these two key lm parameters do not decrease in tandem speaks to the efficiency of the LbL assembly process. The transmittance decreases regularly, indicating that the deposition process is well behaved: at each ve-bilayer interval, the consistent decrease in transparency implies that every iteration of the LbL process adds an approximately equivalent amount of matter. However, each bilayer does not contribute equally to reducing R s . In the initial ve bilayers, the added CPE-SWNTs form SWNT-SWNT connections that efficiently construct the percolation network. Each of these bilayers contributes additional conductors in a random pattern that may add additional conduction paths or reinforce existing paths, resulting in this initial dramatic decrease of R s . At the same time, there are inevitable junction resistances introduced with each new SWNT-SWNT connection that become more relevant as more bilayers are added. This junction resistance is due to imperfect SWNT-SWNT contacts, particularly between metallic and semiconducting tubes, 59 which are likely furthermore inuenced by the dielectric CPE shell around the SWNTs. Aer ve bilayers, the benet of adding more CPE-SWNTs to create more conduction pathways is nearly balanced by the penalty of additional junction resistances; thus, R s declines marginally. By 25 bilayers, additional bilayers do not measurably decrease R s . At this point, the lms are analogous to a bulk material in which the conductivity is limited by the intrinsic junction resistance as well as the types of SWNTs in the lm (a mixture of chiralities that are both metallic and semiconducting).
We chose to focus on 25-bilayer lms for our study of the electrical and mechanical properties of CPE-SWNT lms (Fig. 3a) . 25 
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SEM and atomic force microscopy (AFM) images of 25-bilayer CPE-SWNT lms reveal that these lms also possess smooth surfaces (Fig. 3 and 4) , a feature that is essential to their use as stretchable transparent electrodes in thin-lm devices. SEM images further show a dense, interconnected network of CPE-SWNTs that is $200 nm thick with a smooth surface (Fig. 3b and c) . Analysis of AFM images (Fig. 4) yields an RMS roughness of 18 AE 1 nm and a maximum peak-to-valley distance of 70 nm. The absence of CPE-SWNTs protruding from the lm surface in the SEM and AFM images is consistent with a selfassembly process in which CPE-SWNTs in solution assemble in a "lying down" conguration to maximize favorable intermolecular electrostatic forces and p-stacking interactions. As a result, the RMS roughness of CPE-SWNT lms is 70% lower than that of SWNT lms formed by drop-casting (RMS roughness ¼ 60 nm). The electrostatic and p-stacking interactions of CPE-SWNT lms are also strong enough to render them durable to physical marring. There was a negligible change in R s (620 AE 140 U , À1 ) of 25-bilayer CPE-SWNT lms aer vigorous agitation with a gloved nger for 10 s.
Surface roughness is a fundamentally important parameter of electrodes in thin-lm devices. Protrusions from nanostructured electrodes can cause device shorting by producing localized regions of high electric elds or penetrating through an overlying device thin lm. [40] [41] [42] Most reports of stretchable and transparent carbon nanotube lms in the literature have not included surface roughness characterization. These lms are typically studied as pressure, strain, and touch sensors for which surface roughness is not an important parameter. There is only one report in the literature of a stretchable and transparent carbon nanotube lm employed in a thin-lm light-emitting device, in which carbon nanotube lms with low surface roughness were fabricated by embedding nanotubes into a polyacrylate and used as transparent electrodes in polymer light-emitting electrochemical cells (PLECs). Heating the PLECs above the glass transition temperature of the polyacrylate (70 C) produced an intrinsically stretchable thin-lm device. 21 We used a proof-of-concept demonstration to show that the low surface roughness of 25-bilayer CPE-SWNT lms on PDMS makes them viable as transparent electrodes by implementing them in thin-lm LEEC devices. LEECs are simple devices that consist of an anode and cathode sandwiched around an emissive layer. 60, 61 We used the ionic transition metal complex, Ru(dtb-bpy) 3 (PF 6 ) 2 as the emissive material. Ru(dtb-bpy) 3 (PF 6 ) 2 supports charge injection and transport in the device, as well as emissive recombination to produce 630 nm light. 60 We fabricated LEECs by spin-coating a layer of PEDOT:PSS as a hole transport layer on the CPE-SWNT lm on PDMS to construct the transparent anode, followed by spin-coating a layer of Ru(dtb-bpy) 3 (PF 6 ) 2 dispersed in a PDMS polymer matrix to improve the uniformity of the lm. We used a drop of liquid EGaIn on the surface as the cathode to complete the device. Applying a dc voltage of 40 V to the devices resulted in the emission of light (Fig. 5a ), which we recorded over a 30 minute testing period. The evolution of current and radiance (Fig. 5a ) and external quantum efficiency (EQE) (Fig. 5b) show that the devices reach their maximum EQE of 0.004% at 116 s. The continuous operation of these devices for 30 minutes -with no evidence of electrical shorts -veries that CPE-SWNT lms on PDMS are viable transparent electrodes for thin-lm devices. However, the EQE of LEECs with a CPE-SWNT electrode is lower than that of analogous devices in which the CPE-SWNT electrode is replaced by a standard ITO electrode and coated with PEDOT:PSS (EQE ¼ 0.01 AE 0.002). We expect that the device properties of CPE-SWNT LEECs can be improved by making the electric eld at the anode more uniform. Uniformity of the electric elds at the electrodes is essential for optimal device operation and good device efficiencies due to the electrochemical doping process that is central to the operating mechanism of LEECs. visible light emission. 60 Our CPE-SWNT lms are composed of a mixture of semiconducting and metallic nanotubes; therefore, the electric eld generated at the lm surface is inherently nonuniform due to the differing conductivities of the SWNTs compared to the electric eld generated at the surface of a uniformly conductive electrode such as ITO. As a result, the emissive zone of CPE-SWNT devices will be less coherent. To improve the properties of LEECs formed using CPE-SWNT electrodes, it will thus be necessary to improve the homogeneity of the electric eld generated at the electrode surface by creating CPE-SWNT lms from a single type of nanotubeeither purely metallic or purely semiconducting -rather than a mixture of metallic and semiconducting SWNTs. An attractive option would be to combine semiconductor-enriched CPE-SWNT lms with redox doping. The uniformly conductive SWNTs comprising these lms would produce a homogeneous electric eld to improve the device properties of LEECs, and may give the added benet of improving the conductivity of CPE-SWNT electrodes: Blackburn et al. reported the main resistance in semiconductor-enriched SWNT lms -the contact resistance of the intertube junctions -can successfully be reduced using redox doping to increase the delocalized carrier density and transmission probability through SWNT-SWNT junctions. This process is more effective for semiconductorenriched lms than for metal-enriched lms.
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In general, the resistance of SWNT lms increases with stretching, which can be attributed to the separation of SWNT-SWNT junctions as a result of elongation. The magnitude of the resistance increase and the recovery of conductivity upon releasing the strain depend on the properties of the SWNT lm. SWNT lms deposited on top of elastomers may experience delamination, which can lead to irreversible loss of conductivity; embedding SWNTs into polymers is regarded as a way to avoid this critical problem. Despite the fact that 25-bilayer CPE-SWNT lms are not mechanically stabilized by embedment in a polymer matrix, the combination of electrostatic and p-stacking interactions are strong enough to stabilize these lms to stretching, enabling them to remain conductive to high elongations (up to 80%) and largely recover conductivity when the strain is released. The normalized change in resistance (R/R 0 ) as a function of elongation of 25-bilayer CPE-SWNT is plotted in Fig. 6a . The resistance increases relatively linearly with strain, and reaches 12.3 times the initial value (R 0 ) at 80% elongation. Fracture of the samples occurs beyond 80% elongation, suggesting that it may be possible to prepare conductive CPE-SWNT lms that function at even higher strains by using an elastomer with a higher tensile strength than PDMS. Elongating CPE-SWNT lms to 80% and then returning to 0% strain restores the conductivity of the lm to an R/R 0 recovery value of 1.6 AE 0.2. We attribute this recovery to the ability of the electrostatic and p-stacking interactions to mechanically stabilize the CPE-SWNTs in the lm and allow them to reconnect, although this value is also consistent with a small, irrecoverable loss of SWNT-SWNT junctions. The electrostatic and p-stacking forces of 25-bilayer CPE-SWNT lms are also sufficient to stabilize these lms to repetitive stretch-release cycles. We subjected 25-bilayer CPE-SWNT lms on PDMS to cycles of 15% strain, and measured the resistance in the relaxed state (at 0% strain) aer every 10 cycles. Plots of the resistance change versus the number of strain cycles (Fig. 6b) show that R/R 0 remained relatively constant (<2) throughout the testing range of 100 cycles, although the slight gradual increase in R/R 0 suggests some loss of SWNT-SWNT junctions.
Strain sensors fabricated using so, conformable materials can be worn on the body to quantify human motion through changes in electrical resistance. The characteristics of an ideal human motion strain sensor include high stretchability, high sensitivity, excellent stability, and tolerance to repetitive strain. 67 Hard sensors such as metal foils or inorganic semiconductors are widely used to sense structural changes or deformation in stiff materials, such as buildings or aircra. These sensors provide a range of sensitivities, which are quantied by the gauge factor, the ratio of the fractional change in resistance (DR/R 0 ) to mechanical strain 3.
Metal strain gauges, with their low gauge factors of 2-5, are used to detect gross deformations, whereas semiconductor strain gauges are useful for precision measurements due to their high gauge factors (up to 200).
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These useful instruments are, however, entirely unsuitable to monitor human or even robotic motion, because they lack conformability and cannot function at high strains typical of, for example, the bending of an elbow joint. Intrinsically stretchable conductive materials, such as elastomers loaded with conductive particles or stretchable conductive lms on elastomers, provide the soness and stretchability for these "so" applications. 26, 27, 37, 67, [71] [72] [73] We fabricated wearable strain sensors from 25-bilayer CPE-SWNT lms on PDMS for four reasons: rst, CPE-SWNT lms are so and conformable, exhibit resistance changes with stretching to high elongations, and tolerate repeated deformation. Second, the gauge factor of these lms determined from the slope of the line of best t of the plot of R/R 0 vs. elongation in Fig. 6a is 15 .0 for strains of 0-80%. This value is higher than the gauge factor of aligned SWNT lms on PDMS, which decreases from 0.82 for strains of 0-40% to 0.06 for strains >40. 37 Third, the process to manufacture CPE-SWNT lms on PDMS is low-cost, green (due to the aqueous CPE-SWNT dispersions), and scalable. Fourth, CPE-SWNT lms are transparent. Adding transparency to strain sensors brings added functionality to motion detection, particularly in robotics, because these sensors can be integrated with on-board optoelectronic devices and can enable direct observation through the sensors. 26, 27, 33 To fabricate CPE-SWNT strain sensors, we glued a 25-bilayer CPE-SWNT/PDMS structure onto an adhesive bandage, and then simply adhered the bandage along the length of a human thumb. We then applied a voltage of 20 V and measured the change in resistance as the thumb was repeatedly bent and straightened at 10 s intervals (Fig. 7) .
Bending the thumb caused a resistance change of $2Â the initial value, which corresponds to $15% strain on the line of best t of the R/R 0 vs. elongation plot in Fig. 6a . Straightening the thumb recovered the resistance to within 8% of the initial value. Based on Fig. 6a , CPE-SWNT lms on PDMS are capable of detecting up to 80% strain, suggesting the potential to detect a broad range of human or robotic motion.
Conclusions
We have combined supramolecular functionalization of SWNTs with LbL self-assembly to fabricate transparent, stretchable, and conductive CPE-SWNT lms on PDMS. The LbL process is green, scalable, and low cost, and it efficiently establishes the percolation network largely within the rst ve bilayers. We credit the smoothness and ability of our lms to remain conductive with stretching to the combination of electrostatic and p-stacking forces, which very effectively bind the SWNTs within the lm. The combination of properties exhibited by our CPE-SWNT lms -conductivity, transparency, low surface roughness, and stretchability with low resistance changes -is what distinguishes our lms from others reported in the literature. We have exploited this combination of properties to show that CPE-SWNT lms are viable as transparent conductive electrodes in LEECs, and can also be applied as so strain sensors that are both wearable and transparent. Our CPE-SWNT lms are made from a mixture of semiconducting and metallic SWNTs, which may adversely affect the uniformity of the electric eld generated at the surface due to the differing conductivities of the semiconducting and metallic SWNTs in the lm. This non-uniform electric eld is problematic when these lms are employed as transparent electrodes in thin-lm devices such as LEECs. Therefore, the next step in the development of CPE-SWNT lms will be to improve the uniformity of the electric eld generated at the surface. We aim to accomplish this improvement through redox doping of semiconductorenriched CPE-SWNT lms, which may also bring the added benet of improving the lm conductivity. We will report details of such optimized CPE-SWNT lms and their use in stretchable devices in due course. 
